The presence of a solvent-exposed alanine residue stabilizes a helix by 0.4 -2 kcal⅐mol ؊1 relative to glycine. Various factors have been suggested to account for the differences in helical propensity, from the higher conformational freedom of glycine sequences in the unfolded state to hydrophobic and van der Waals' stabilization of the alanine side chain in the helical state. We have performed all-atom molecular dynamics simulations with explicit solvent and exhaustive sampling of model peptides to address the backbone conformational entropy difference between Ala and Gly in the denatured state. The mutation of Ala to Gly leads to an increase in conformational entropy equivalent to Ϸ0.4 kcal⅐mol ؊1 in a fully flexible denatured, that is, unfolded, state. But, this energy is closely counterbalanced by the (measured) difference in free energy of transfer of the glycine and alanine side chains from the vapor phase to water so that the unfolded alanineand glycine-containing peptides are approximately isoenergetic. The helix-stabilizing propensity of Ala relative to Gly thus mainly results from more favorable interactions of Ala in the folded helical structure. The small difference in energetics in the denatured states means that the ⌽-values derived from Ala 3 Gly scanning of helices are a very good measure of the extent of formation of structure in proteins with little residual structure in the denatured state.
T
here have been many experimental and theoretical studies of the relative helix forming propensities of amino acids (1) (2) (3) (4) (5) (6) (7) (8) (9) since the structure of the ␣-helix was predicted by Pauling and coworkers in 1951 (10) . Irrespective of the means of estimation, Ala consistently has a high propensity for helix formation, and Gly and Pro the lowest. The helix propensity of Ala relative to Gly does, however, vary significantly between different studies. The reported values include Ϸ0.9 kcal⅐mol Ϫ1 from studies where the mutations were made at solvent-exposed positions in a protein helix (3, 6) , whereas the values range from Ϸ0.7 to 2.0 kcal⅐mol Ϫ1 in peptides (2, 7, 9) . In proteins, the magnitude of the free energy change on mutation of Ala to Gly at an internal position of an ␣-helix typically ranges from 0.4 to 2.0 kcal/mol (4) .
The origin of the difference in helical propensity between Ala and Gly is also a matter of some debate. Factors thought to be important include difference in backbone conformational entropy in the denatured state, burial of hydrophobic surfaces on folding, and disruption of hydrogen bonding between the protein and the solvent (4, 6, (11) (12) (13) (14) (15) (16) (17) (18) (19) . The estimated relative importance of the contributing factors also changes depending on the method used or system in which they were measured. One of the earliest calculations by Leach and Scheraga estimated the difference in the backbone contribution to the entropy of unfolding between Ala and Gly to be Ϫ2.4 cal⅐mol Ϫ1 ⅐K Ϫ1 , based on the excluded volume due to steric interactions (11) . A very similar value was obtained by Freire and coworkers (14) in a mutational study using the leucine-zipper region of GCN4. In contrast, other studies have obtained a much smaller difference in backbone conformational entropy (17, 18) .
Here, we use all-atom molecular dynamics simulations with explicit solvent to estimate the backbone conformational entropy difference between Ala and Gly in the denatured state. We use a number of different models for the denatured state. Small peptides are used as models for a denatured state with minimal influence from the rest of the protein: AXA and GGXGG, where X is either Ala or Gly. We also use high-temperature unfolding simulations carried out as part of the dynameomics project (www.dynameomics.org) (20) to model denatured states of intact proteins. The results are of direct importance in the interpretation of ⌽-values for protein folding derived from Ala 3 Gly scanning of helices whereby the changes in free energies of activation for folding on mutation of alanine to glycine are compared with the corresponding changes in free energy of denaturation to infer the extent of formation of structure in the transition state of folding (21, 22) (Fig. 1) .
Results
Peptide Models of the Denatured State. We used two peptide systems, AXA and GGXGG, to model a minimally hindered statistical-coil-like denatured state, where X is either Ala or Gly. One important question in this type of study is whether the simulations have been carried out long enough to achieve sufficient sampling of conformational space. To address this issue, we measured the coverage of conformational space at regular intervals throughout the 298 K simulations (Fig. 2) . Coverage was assessed as the percentage of populated (⌽,⌿) bins. After a rapid rise in coverage, an increasingly slow rise was seen, such that by 50 ns of simulation time Ϸ90% of the bins populated after 100 ns of simulation were already populated. At 75 ns, this percentage increased to Ϸ95%. These results suggest that we did have adequate sampling; extending the simulations would lead to little increase in coverage at the expense of a great deal of computation time.
A further consideration is that our entropy calculation could depend on the size of the bins used in the subdivision of (⌽,⌿) space. But, as shown for the 298-K GGXGG peptide simulations, entropy differences varied little with bin size (Table 1) . In this case, the mean value of T⌬S (A 3 G) at 298 K was Ϫ0.342 kcal⅐mol Ϫ1 with a standard deviation of 0.006 kcal⅐mol Ϫ1 .
The backbone conformational entropy difference between Ala and Gly in both of the peptide models is shown in Table 1 . The (⌽,⌿) distributions for GGAGG and AAA, and GGGGG and AGA peptides were very similar (Fig. 3) , as reflected by the similar backbone conformational entropy differences at 298 K. The value for the GGXGG peptides was Ϸ1.2 times that of the AGA peptides with both values being Ͻ0.5 kcal⅐mol Ϫ1 . We used a high-temperature model of the unfolded state to estimate the backbone conformational entropy difference between Ala and Gly in helices. It is useful, therefore, to determine how high temperature changes the (⌽,⌿) distributions of the smaller peptides. In the 498-K GGXGG simulations, both Ala and Gly had a greater coverage of (⌽,⌿) space than did the simulations at 298 K. GGAGG populated 68% of the bins at 498 K and 51% at 298 K, whereas GGGGG populated 82% and 76% of the bins at 498 K and 298 K, respectively. The (⌽,⌿) distribution also changed to some extent with temperature (Fig. 3) . The change was more marked for the GGGGG peptide, where the populations of the upper right and lower left quadrants were reduced and that of the upper left and lower right quadrants increased at high temperature. This change in distribution resulted in an increase in the conformational entropy (S ϭ Ϫ⌺p i lnp i ) for both Ala and Gly. However, ⌬(Ϫ⌺p i lnp i ) (A 3 G) was similar in both cases, being 0.6 at both 298 and 498 K. If the distribution seen at 498 K was appropriate for use as a model for the unfolded state at 298 K, this would give a value for T⌬S (A 3 G) at 298 K of Ϫ0.4 kcal⅐mol Ϫ1 , similar to that seen for the GGXGG peptides at 298 K (Ϫ0.3 kcal⅐mol Ϫ1 ).
Dynameomics: Full-Length Protein Models of the Denatured State.
Small peptides are appropriate models for random coil regions of denatured states. We initially attempted to model the effects of A 3 G mutations in structured regions of denatured states using isolated helices from barnase and the engrailed homeodomain. However, 300 ns of simulation time resulted in insufficient sampling. To circumvent inadequate sampling, we used data from our dynameomics database, in which native and unfolding trajectories for representatives of all protein folds are being simulated from a list of 1,130 nonredundant folds as initial targets (www.dynameomics.org) (20) . Of the currently analyzed 145 proteins, 114 have left the native and first intermediate clusters (if present) by 10 ns of simulation time at 498 K (see Methods). The database of 114 proteins contains a wealth of data that can be compared with our small peptide models. We calculated the backbone conformational entropy difference between Ala and Gly in helices from the dynameomics data. Ala and Gly residues that occupied the central position in a three-residue stretch of helical structure in the starting structure of the 114 target proteins were first identified. By this definition, 386 Ala and 110 Gly residues adopted a helical conformation in the starting structure. It was necessary to reduce the number of
"alchemical" "alchemical" Ala residues sampled to be the same as the number of glycine residues: firstly, residues were selected based on the sequence of the flanking amino acids; and in the second, residues were categorized by the amount of time spent in contiguous helical structure in the denatured state and by estimating the effect of residual structure on the entropy difference.
Entropy calculated from sequence matching. For each of the 110 Gly residues that were helical in the native state, an Ala with the same flanking (i Ϫ 1 and i ϩ 1) amino acids was picked out of the data set of 386 Ala residues. Selecting residues in this way both ensured that the same number of samples was compared and also compensated to some extent for the sequence differ- Fig. 3 . Ramachandran plots for peptide models of a random-coil-like denatured state: AAA, AGA, GGAGG, and GGGGG at 298 K, and GGAGG and GGGGG at 498 K. The Ramachandran plot is divided into 5°ϫ 5°bins and colored according to the population each bin. A total of 100,000 conformations from 100 ns of simulation were counted in total. The backbone conformations of representative structures are shown alongside the 298 K plots. The central residue (for which ⌽ and ⌿ angles were calculated) is indicated by an asterisk. † More Ala than Gly residues have a helical conformation, thus the number of Ala residues analyzed must be reduced. In this case, for each Gly residue, an Ala with the same flanking (i Ϫ 1 and i ϩ 1) amino acids is selected. ‡ Ala and Gly residues were classified based on the percentage of time helical structure was adopted in the denatured state. A residue was considered helical if it was one of three contiguous residues with helical (⌽,⌿) angles. § The value for Gly with 0 -20% helical structure in the denatured state is used as a reference.
ences between proteins. A match could not be found for all Gly residues, leading to a sample size of 78 residues. The Ramachandran plots for the selected residues at both 298 and 498 K are shown in Fig. 4 . As expected, at 298 K both Ala and Gly residues originating in helical structure remained in predominantly helical conformations, with low population outside the most favored helical region. At 498 K the (⌽,⌿) distributions become much more like that of the corresponding GGXGG peptide (Figs. 3 and 4) . However, for Ala in particular, the dynameomics data had a higher population of the helical region than did GGXGG at the same temperature. There was a marked difference between the values of Ϫ⌺p i lnp i in the 298 and 498 K data sets (Table 1 Residues categorized by the amount of helical structure in the denatured state. The percentage of time a helical conformation was adopted in the denatured state was calculated for each of the 110 Gly and 386 Ala residues. A residue was considered helical if it was one of three contiguous residues with helical (⌽,⌿) angles. The calculation was carried out between 10 and 21 ns in the 498 K trajectories (see Methods). The residues were then split into four categories according to the percentage of time helical structure was adopted (0-20%, 20-40%, 40-60%, and 60-100% of the time in a helical conformation). The proportion of residues adopting helical conformations for Ͻ20% of the denatured state was higher for Gly (61% of residues) than for Ala (38% of residues). The value of Ϫ⌺p i lnp i was calculated for each category for Ala and for residues with 0-20% helical structure for Gly (too few Gly residues were present in the other categories). The sample size used was 65 residues in each case, corresponding to the number of Gly residues with 0-20% helical structure (Table  1) . These data can be used to estimate the variation of the difference in entropy between Ala and Gly in a helix with the amount of structure in the denatured state. Where both Ala and Gly residues have 0-20% helical structure, ⌬(Ϫ⌺p i lnp i ) (A 3 G) was Ϫ0.6, which was very similar to the value of Ϫ0.7 seen when residues were selected by sequence matching. At 298 K this would give a value for T⌬S (A 3 G) of approximately Ϫ0.3 kcal⅐mol Ϫ1 .
In estimating the effect of residual helical structure on the conformational entropy difference, we compared each Ala data set with the Gly residues having 0-20% helical structure in the denatured state. This represents the case where mutation of Ala to Gly leads to significant reduction in residual helical structure and thus gives an upper limit on the size of the conformational entropy difference between Ala and Gly for each category. As expected, the conformational entropy difference between Ala and Gly residues increased significantly as the percentage of time the Ala residues adopt helical structure in the denatured state increases ( Table 1 ). The largest value of ⌬(Ϫ⌺p i lnp i ) (A 3 G) is Ϫ2.5 at 298 K, which gives a value of T⌬S (A 3 G) of Ϫ1.5 kcal⅐mol Ϫ1 .
Experimental Data for Changes of Free Energy on Ala 3 Gly Muta-
tions. We modeled the mutation of Ala to Gly at sites in the middle of helices that are exposed to solvent and do not involve the participation of unpaired hydrogen bond donors or acceptors for representative proteins. We plotted (Fig. 5 ) the experimentally measured changes in free energy of denaturation against the calculated changes in solvent-accessible nonpolar surface area for the B domain of protein A (22) , barnase (4, 5), Im9 (23), ACBP (24), CI2 (25) , and R16 (26) . The data paralleled those of the earlier studies on barnase with a good correlation between the changes in free energy in stability and the surface area of the native state, with a slope of Ϸ35 cal Å Ϫ2 , showing that burial of solvent-accessible surface area of the alanine methyl group in the native state is a dominant factor in the overall energetics.
Discussion
We calculated that the presence of glycine in simple unfolded peptides contributed a favorable conformational entropy equivalent of approximately Ϫ0.3-0.4 kcal⅐mol Ϫ1 to the free energy at 298 K (ϭ ϪT⌬S), relative to the presence of alanine. We estimated the same contribution for regions of proteins that lack significant residual structure in the denatured state. This energy difference is small and clearly does not account for the observed stabilization of helices by Ala relative to Gly of up to 2 kcal⅐mol Ϫ1 . Indeed, the correlation between the stabilization energy introduced by mutation of Gly to Ala and the change in solvent-accessible surface of the native helix (4, 5) (Fig. 5 ) strongly suggest that interactions of alanine in the folded helix play the dominant role in stabilization of helices.
In regions of proteins that have residual structure in the denatured state, the conformational entropy of glycine versus alanine contributed up to 1.5 kcal⅐mol Ϫ1 of free energy. This was because alanine induced structure. In terms of the overall free energy of the denatured state, therefore, the interactions of the side chain of alanine with other side chains in the structured denatured regions must contribute an enthalpy term that counterbalances the loss of conformation free energy.
The results above are of interest in themselves, but they are highly pertinent to ⌽-value analysis. In protein folding studies, Ala 3 Gly scanning is an important tool for probing the structure of the transition state of folding (TS) (21, 22) . In Ramachandran plot is divided into 5°ϫ 5°bins and colored according to the number of counts in each bin. 1,716,000 samples were taken from a total of 78 residues in each case. The data were reduced to 100,000 samples in this figure to facilitate comparison with the small peptides (Fig. 3) . Because Ala is better represented than Gly in the database, not all Ala residues were used for this calculation. Instead, for each Gly residue an Ala with the same flanking (i Ϫ 1 and i ϩ 1) amino acids was chosen out of the larger data set. particular, this method is commonly used to determine the extent of structure formation in solvent-exposed positions in ␣-helices. The degree of structure in the TS is quantified by the ⌽-value, calculated from measured equilibrium and kinetic data for denaturation of wild-type and mutant proteins (Fig. 1 , where the mutant is denoted by a prime) (27) (28) (29) (30) . The ⌽-value for folding is defined by
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In terms of the other changes in the cycles in Fig. 1 ,
Where there is complete formation of local structure in the transition state, ⌬G TSЈ-TS ϭ ⌬G NЈ-N , and ⌽ ϭ 1. Where local structure in the transition state is as denatured as in the denatured state, ⌬G TSЈ-TS ϭ ⌬G DЈ-D , and ⌽ ϭ 0. The ⌬G DЈ-D term in Eq. 2 contributes to the nonlinear dependence of ⌽ on the extent of formation of structure between the extreme values of 0 and 1. Accordingly, ⌽-values are different from the ␣ of classical rate equilibrium-free energy relationships (31) . The value of ⌬G DЈ-D can be considered as the sum of two components ⌬G reorg(DЈ-D) and ⌬G solv(DЈ-D) (28) . ⌬G reorg(DЈ-D) is the change in energy of the denatured state as it undergoes reorganization of structure upon mutation, and ⌬G solv(DЈ-D) is the corresponding change in solvation free energy. In some circumstances, such as the mutation of larger to smaller aliphatic side chains, when there is no residual structure in the denatured state, ⌬G DЈ-D is close to zero, as measured from the change in free energy of transfer from the gas phase to water (30) . The magnitude of ⌬G solv(DЈ-D) is typically Ͻ0.2 kcal⅐mol Ϫ1 for these residues (32) . In such cases, ⌽ ϳ ⌬G TSЈ-TS /⌬G NЈ-N , which in turn can be a good measure of the number of hydrophobic interactions made in the TS relative to N. For this reason, the larger to smaller hydrophobic mutations have been the mutations of choice for ⌽-value analysis (30, 33) . This relationship is also the basis for the widely used calculation of ⌽-values from simulations (34) (35) (36) . For Ala to Gly, the ⌬G solv(DЈ-D) is 0.45 kcal⅐mol Ϫ1 (32), the more favorable solvation energy of the alanine side chain almost exactly cancels the lower conformational free energy in the fully unfolded state. Thus, ⌬G DЈ-D is approximately zero for Ala 3 Gly mutations where there is no residual structure in the denatured state. In this case, ⌽ ϳ ⌬G TSЈ-TS / ⌬G NЈ-N, as for hydrophobic deletion mutations. Ala 3 Gly scanning is thus an exceptionally good ⌽-value probe.
Methods
Peptide Simulations. AXA and GGXGG trajectories were simulated by using in lucem molecular mechanics (ilmm) (37) with an 8-Å force-shifted nonbonded cutoff and a nonbonded update cycle of 3. The peptides were acetylated at the N terminus and amidated at the C terminus. All atoms of the solute and the surrounding water were explicitly present, and the force fields of Levitt et al. (38, 39) were used. Simulations were carried out for 101 ns at 298 K (AXA and GGXGG) and 498 K (GGXGG only). Structures were saved at 1-ps intervals. The first 1 ns of each simulation was excluded from the analysis to allow for thermal equilibration of the system. Dynameomics Protocol. The dynameomics project (www. dynameomics.org) aims to simulate representative members of all protein folds under native and denaturing conditions (20) . Native trajectories were simulated at 298 K for 21 ns in ilmm by using a 10-Å force-shifted nonbonded cutoff and a nonbonded update cycle of 3; structures were saved for analysis at 1-ps intervals. Duplicate unfolding trajectories were simulated at 498 K for 21 ns each, also using ilmm. An 8-Å force-shifted nonbonded cutoff and a nonbonded update cycle of 3 were used, and structures were saved for analysis at 1-ps intervals.
Twenty nanoseconds of each 298-K dynameomics trajectory was analyzed. Only the last 10 ns of the 498-K dynameomics trajectories was analyzed, giving the same number of samples at both 298 and 498 K. A total of 145 targets were considered here. The 20-ns simulation time was insufficient for a number of the larger proteins to unfold to any great extent. Comparison with earlier, well characterized and experimentally validated, simulations from our laboratory suggests that proteins with a CON-GENEAL structural dissimilarity (40) score of Ͼ0.5 had left both the native and first intermediate (if present) clusters (41) (42) (43) (44) . Proteins where the CONGENEAL score remained Ͻ0.5 were therefore excluded. The CONGENEAL dissimilarity score, introduced by Yee and Dill (40) , is defined for comparison of two structures with the same number of residues as d͑R,S͒ ϭ For two structures R and S, r ij is the distance between atoms i and j in structure R, and s ij is the distance in structure S. These distances are raised to the power Ϫp, where p ϭ 2 in this case. The CONGENEAL score is a measure of dissimilarity where more emphasis is placed on close neighbors than residues far apart in sequence. When compared with the C ␣ root mean square deviation the CONGENEAL score is less dominated by rigid body motion.
Entropy Calculations. The entropy was calculated for backbone conformations from the distribution of (⌽,⌿) angles as S ϭ ϪR⌺[p i ln(p i )], where p i is the fractional population of bin i. To test whether our results depended on the division of (⌽,⌿) space, the entropy was calculated by using 2 ϫ 2, 3 ϫ 3, 5 ϫ 5, and 10 ϫ 10°bins for the GGAGG and GGGGG peptides. The entropy difference was shown to be independent of bin size, and a 5 ϫ 5°bin size was used for all other systems. 
